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(54) Wire grid polarizer 

(57) A wire grid polarizer (300) for polarizing an in- 
cident light beam (130) comprises a substrate having a 
first surface. A grid or array of parallel, elongated, com- 
posite wires (31 0) is disposed on the first surface (307), 



and each of the adjacent wires are spaced apart on a 
grid period less than a wavelength of incident light. Each 
of the wires comprises an intra-wire substructure (315) 
of alternating elongated metal (330a-i) wires and elon- 
gated dielectric layers (350a-i). 
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Description 

[0001] The present invention relates to wire grid po- 
larizers in general and in particular to multilayer wire grid 
polarizers and beamsplitters tor the visible spectrum. 5 
[0002] The use of an array of parallel conducting wires 
to polarize radio waves dates back more than 1 1 0 years. 
Wire grids, generally in the form of an array of thin par- 
allel conductors supported by a transparent substrate, 
have also been used as polarizers for the infrared por- 10 
tion of the electromagnetic spectrum. 
[0003] The key factor that determines the perform- 
ance of a wire grid polarizer is the relationship between 
the center-to-center spacing, sometimes referred to as 
period or pitch, of the parallel grid elements and the *5 
wavelength of the incident light. If the grid spacing or 
period is long compared to the wavelength, the grid 
functions as a diffraction grating, rather than as a polar- 
izer, and diffracts both polarizations, not necessarily 
with equal efficiency, according to well-known princi- 20 
pies. However, when the grid spacing (p) is much short- 
er than the wavelength, the grid functions as a polarizer 
that reflects electromagnetic radiation polarized parallel 
("s" polarization) to the grid, and transmits radiation of 
the orthogonal polarization ("p" polarization). 25 
[0004] The transition region, where the grid period is 
in the range of roughly one-half of the wavelength to 
twice the wavelength, is characterized by abrupt chang- 
es in the transmission and reflection characteristics of 
the grid. In particular, an abrupt increase in reflectivity, 30 
and corresponding decrease in transmission, for light 
polarized orthogonal to the grid elements will occur at 
one or more specific wavelengths at any given angle of 
incidence. These effects were first reported by Wood in 
1 902, and are often referred to as "Wood's Anomalies." 35 
Subsequently, in 1907, Rayleigh analyzed Wood's data 
and had the insight that the anomalies occur at combi- 
nations of wavelength and angle where a higher diffrac- 
tion order emerges (. Rayleigh developed the following 
equation to predict the location of the anomalies, which 40 
are also commonly referred to in the literature as 
"Rayleigh Resonances". 

X = e( n +/- sin 0)/k (1) 45 

where epsilon (e) is the grating period; n is the refractive 
index of the medium surrounding the grating; k is an in- 
teger corresponding to the order of the diffracted term 
that is emerging; and lambda and theta are the wave- so 
length and incidence angle (both measured in air) where 
the resonance occurs. 

[0005] For gratings formed on one side of a dielectric 
substrate, n in the above equation may be equal to either 
1 , or to the refractive index of the substrate material. 55 
Note that the longest wavelength at which a resonance 
occurs is given by the following formula: 



X = e(n + sinG) (2) 

where n is set to be the refractive index of the substrate. 
[0006] The effect of the angular dependence is to shift 
the transmission region to larger wavelengths as the an- 
gle increases. This is important when the polarizer is in- 
tended for use as a polarizing beam splitter or polarizing 
turning mirror. 

[0007] In general, a wire grid polarizer will reflect light 
with its electric field vector parallel ("s" polarization) to 
the wires of the grid, and transmit light with its electric 
field vector perpendicular ("p" polarization) to the wires 
of the grid, but the plane of incidence may or may not 
be perpendicular to the wires of the grid as discussed 
here. Ideally, the wire grid polarizer will function as a per- 
fect mirror for one polarization of light, such as the S 
polarized light, and will be perfectly transparent for the 
other polarization, such as the P polarized light. In prac- 
tice, however, even the most reflective metals used as 
mirrors absorb some fraction of the incident light and 
reflect only 90% to 95%, and plain glass does not trans- 
mit 1 00% of the incident light due to surface reflections. 
The performance of wire grid polarizers, and indeed oth- 
er polarization devices, is mostly characterized by the 
contrast ratio, or extinction ratio, as measured over the 
range of wavelengths and incidence angles of interest. 
For a wire grid polarizer or polarization beamsplitter, the 
contrast ratios for the transmitted beam (Tp/Ts) and the 
reflected beam (Rs/Rp) may both be of interest. 
[0008] Historically, wire grid polarizers were devel- 
oped for use in the infrared, but were unavailable for 
visible wavelengths. Primarily, this is because process- 
ing technologies were incapable of producing small 
enough sub-wavelength structures for effective opera- 
tion in the visible spectrum. Nominally, the grid spacing 
or pitch (p) should be less than -A/5 for effective oper- 
ation (for p —0.1 0-0.13 um for visible wavelengths), 
while even finer pitch structures (p-A/10 for example) 
can provide further improvements to device contrast. 
However, with recent advances in processing technolo- 
gies, including 0.13 ^im extreme UV photolithography 
and interference lithography, visible wavelength wire 
grid structures have become feasible. Although there 
are several examples of visible wavelength wire grid po- 
larizers devices known in the art, these devices do not 
provide the very high extinction ratios (>1 ,000:1 ) across 
broadband visible spectra needed for demanding appli- 
cations, such as for digital cinema projection. 
[0009] An interesting wire grid polarizer is described 
by Garvin et al. in US Patent No. 4,289,381 , in which 
two or more wire grids residing on a single substrate are 
separated by a dielectric interlayer. Each of the wire 
grids are deposited separately, and the wires are thick 
enough (100-1000 nm) to be opaque to incident light. 
The wire grids effectively multiply, such that while any 
single wire grid may only provide 500:1 polarization con- 
trast, in combination a pair of grids may provide 
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250,000:1 . This device is described relative to usage in 
the infrared spectrum (2-100 um), although presumably 
the concepts are extendable to visible wavelengths. 
However, as this device employs two or more wire grids 
in series, the additional contrast ratio is exchanged for 
reduced transmission efficiency and angular accept- 
ance. Furthermore, the device is not designed for high 
quality extinction for the reflected beam, which places 
some limits on its value as a polarization beam splitter. 
[0010] A wire grid polarization beam splitter for the 
visible wavelength range is described by Hegg et al. in 
US Patent No. 5,383,053, in which the metal wires (with 
pitch p«A. and — 1 50 nm features) are deposited on top 
of metal grid lines, each of which are deposited onto 
glass or plastic substrate. While this device is designed 
to cover much of the visible spectrum (0.45-0.65 u.m), 
the anticipated polarization performance is rather mod- 
est, delivering an overall contrast ratio of only 6.3:1 . 
[0011] Tamadaetal, in U.S. Patent No. 5,748,368, de- 
scribes a wire grid polarizer for the near infrared spec- 
trum (0.8-0.95 |xm) in which the structure of the wires is 
shaped in order to enhance performance. In this case, 
operation in near infrared spectrum is achieved with a 
wire structure with a long grid spacing (A/2 < p <X) rather 
than the nominal small grid spacing (p-X/5) by exploit- 
ing one of the resonances in the transition region be- 
tween the wire grid polarizer and the diffraction grating. 
The wires, each — 140 nm thick, are deposited on a 
glass substrate in an assembly with wedge plates. In 
particular, the device uses a combination of trapezoidal 
wire shaping, index matching between the substrate 
and a wedge plate, and incidence angle adjustment to 
tune the device operation to hit a resonance band. While 
this device provides reasonable extinction of —35:1, 
which would be useful for many applications, this con- 
trast in inadequate for applications, such as digital cin- 
ema, which require higher performance. Furthermore, 
this device only operates properly within narrow wave- 
length bands (—25 nm) and the device is rather angu- 
larly sensitive (a 2° shift in incidence angle shifts the 
resonance band by -30 nm). These considerations also 
make the device unsuitable for broadband wavelength 
applications in which the wire grid device must operate 
in "fast" optical system (such as F/2). 
[0012] Most recently, US Patents No. 6,108,131 
(Hansen et al.) and 6,122,103 (Perkins et al.), both as- 
signed to Moxtek Inc. of Orem, UT, describe wire grid 
polarizer devices designed for the visible spectrum. Ac- 
cordingly, the '131 patent describes a straightforward 
wire grid polarizer designed to operate in the visible re- 
gion of the spectrum. The wire grid nominally consists 
of a series of individual wires fabricated directly on a 
substrate with a —0.13 urn gridline spacing (p— X/5), 
wire nominal width of 0.052-0.078 u,m wide (w), and wire 
thickness (t) greater than 0.02 ujtl By using wires of 
—0.13 urn grid spacing or pitch, this device has the re- 
quired sub-visible wavelength structure to allow it to 
generally operate above the long wavelength reso- 



nance band and in the wire grid region. The '1 03 patent 
proposes a variety of improvements to the basic wire 
grid structure directed to broadening the wavelength 
spectrum and improving the efficiency and contrast 

5 across the wavelength spectrum of use without requir- 
ing finer pitch structures (such as — X/10). Basically, a 
variety of techniques are employed to reduce the effec- 
tive refractive index (n) in the medium surrounding the 
wire grid, in order to shift the longest wavelength reso- 

10 nance band to shorter wavelengths (see equations (1) 
and (2)). This is accomplished most simply by coating 
the glass substrate with a dielectric layer which func- 
tions as an anti-reflectional (AR) coating, and then fab- 
ricating the wire grid onto this intermediate dielectric lay- 

15 er. The intermediate dielectric layer effectively reduces 
the refractive index experienced by the light at the wire 
grid, thereby shifting the longest wavelength resonance 
shorter. The '103 patent also describes alternate de- 
signs where the effective index is reduced by forming 

20 grooves in the spaces between the wires : such that the 
grooves extend into the substrate itself, and/or into the 
intermediate dielectric layer which is deposited on the 
substrate. As a result ot these design improvements, the 
low wavelength band edge shifts —50-75 nm lower, al- 

25 lowing coverage of the entire visible spectrum. Further- 
more, the average efficiency is improved by —5% 
across the visible spectrum over the basic prior art wire 
grid polarizer. 

[0013] While the devices described in U.S. Patent No. 

30 6,108,131 and 6,122,103 are definite improvements 
over the prior art there are yet further opportunities for 
performance improvements for both wire grid polarizers 
and polarization beam splitter. In particular, for optical 
systems with unpolarized light sources, where system 

35 light efficiency must be maximized, polarization beam 
splitters which provide high extinction of both the reflect- 
ed and transmitted beams are valuable. As the commer- 
cially available wire grid polarizers from Moxtek provide 
only —20:1 contrast for the reflected channel, rather 

40 than 1 00:1 or even 2,000:1 , its utility is limited. Addition- 
ally, the performance of these devices varies consider- 
ably across the visible spectrum, with the polarization 
beam splitter providing contrast ratios for the transmit- 
ted beam varying from -300:1 to -1200:1 from blue to 

45 red, while the reflected beam contrast ratios vary from 
10:1 to 30:1 . Thus there are opportunities to provide po- 
larization contrast performance in the blue portion of the 
visible spectrum in particular, as well as more uniform 
extinction across the visible. Finally, there are also op- 

50 portunities to improve the polarization contrast for the 
transmitted p-polarization light beyond the levels provid- 
ed by prior art wire grid devices. Such improvements 
would be of particular benefit for the design of electronic 
imaging systems, such as electronic projection sys- 

55 terns, including those for digital cinema. 

[0014] Thus, there exists a need for an improved wire 
grid polarizer, particularly for use in visible light systems 
requiring broad wavelength bandwidth and high con- 
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trast (target of 1 ,000:1 or greater). In addition, there ex- 
ists a need for such an improved wire grid polarizer for 
use at incidence angles of about 45 degrees. 
[0015] Briefly, according to one aspect of the present 
invention a wire grid polarizer for polarizing an incident 
light beam comprises a substrate having a first surface. 
A grid or array of parallel, elongated, conductive wires 
is disposed on the first surface, and each of the adjacent 
wires are spaced apart on a grid period less than a 
wavelength of incident light. Each of the wires compris- 
es an intra-wire substructure of alternating elongated 
metal wires and elongated dielectric layers. 
[0016] Figure 1 is a perspective view of a prior art wire 
grid polarizer. 

[0017] Figures 2a and 2b are plots illustrating the rel- 
ative performance of prior art wire grid polarizers and 
polarization beamsplitters designed to operate within 
the visible spectrum. 

[0018] Figures 3a and 3b are plots of transmitted, re- 
flected, and overall polarization contrast ratios vs. wave- 
length in the visible spectrum for a wire grid polarization 
beamsplitter of a type described in the prior art. 
[001 9] Figure 4 is a contour plot of the overall contrast 
vs. angle of incidence for 500 nm light for a wire grid 
polarization beamsplitter of a type described in the prior 
art. 

[0020] Figures 5a-5d are sectional view of various 
configurations of the wire grid polarizer according to the 
present invention. 

[0021] Figures 6a and 6b are graphical plots illustrat- 
ing a reflected and transmitted polarization contrasts ra- 
tio vs. wavelength, and the overall contrast ratio vs. 
wavelength for a wire grid polarizer of the present inven- 
tion, where the device has a six layer structure. 
[0022] Figures 7a and 7b are graphical plots illustrat- 
ing a reflected and transmitted polarization contrasts ra- 
tio vs. wavelength, and the overall contrast ratio vs. 
wavelength for a wire grid polarizer of the present inven- 
tion, where the device has an eighteen layer structure. 
[0023] Figures 8a and 8b are graphical plots illustrat- 
ing a reflected and transmitted polarization contrasts ra- 
tio vs. wavelength, and the overall contrast ratio vs. 
wavelength for a wire grid polarizer of the present inven- 
tion, where the device has an alternate eighteen layer 
structure. 

[0024] Figures 9a and 9b are graphical plots illustrat- 
ing a reflected and transmitted polarization contrasts ra- 
tio vs. wavlength, and the overall contrast ratio vs. wave- 
length for a wire grid polarizer of the present invention, 
where the device has a five layer structure. 
[0025] Figures 10a and 10b are graphical plots illus- 
trating a reflected and transmitted polarization contrasts 
ratio vs. wavelength, and the overall contrast ratio vs. 
wavelength for a wire grid polarizer of the present inven- 
tion, where the device has an alternate five layer struc- 
ture. 

[0026] Reference will now be made to the drawings 
in which the various elements of the present invention 



will be given numerical designations and in which the 
invention will be discussed so as to enable one skilled 
in the art to make and use the invention. 
[0027] Figure t illustrates a basic prior art wire grid 
5 polarizer and defines terms that will be used in a series 
of illustrative examples of the prior art and the present 
invention. The wire grid polarizer 1 00 is comprised of a 
multiplicity of parallel conductive electrodes 110 sup- 
ported by a dielectric substrate 120. This device is char- 
io acterized by the grating spacing or pitch or period of the 
conductors, designated p; the width of the individual 
conductors, designated w; and the thickness of the con- 
ductors, designated t. Nominally, a wire grid polarizer 
uses sub-wavelength structures, such that the pitch (p), 
*s conductor or wire width (w), and the conductor or wire 
thickness (t) are all less than the wavelength of incident 
light {X). A beam of light 130 produced by a light source 
132 is incident on the polarizer at an angle 6 from nor- 
mal, with the plane of incidence orthogonal to the con- 
20 ductive elements. The wire grid polarizer 100 divides 
this beam into a specularly reflected light beam 140, and 
a non-diffracted, transmitted light beam 1 50. The normal 
definitions for S and P polarization are used, such that 
the light with S polarization has the polarization vector 
25 orthogonal to the plane of incidence, and thus parallel 
to the conductive elements. Conversely, light with P po- 
larization has the polarization vector parallel to the plane 
of incidence and thus orthogonal to the conductive ele- 
ments. 

30 [0028] Referring to Figure 2a there is shown, for 
wavelengths within the visible spectrum, the transmis- 
sion efficiency curve 200 and the transmitted "p" polar- 
ization contrast ratio curve 205 for a commercially avail- 
able wire grid polarization beam splitterfrom Moxtek Inc. 
35 of Orem UT. This device is similar to the basic wire grid 
polarization beam splitter described in the '131 patent, 
which has -130 nm pitch (p-TJS) wires (parallel con- 
ductive electrodes 110) made with a 40-60% duty cycle 
(52-78 nm wire width (w)) deposited on a dielectric sub- 
^o strate 120. The solid metal wires are defined to be >20 
nm thick, which guarantees sufficient metal thickness 
that the skin depth (6) is exceeded for visible wave- 
lengths. This data is representative for this device for a 
modest NA (numerical aperture) light beam, incident on 
^5 the wire grid polarizer 100 at an angle of incidence (6) 
of 45°. As this device divides the incident beam of light 
130 into two outgoing polarized beams (140 and 150), 
which travel paths spatially distinguishable from the in- 
coming light path, this device is considered to be a po- 
50 larizing beam splitter. The transmitted contrast ratio 
curve 200 measures the average contrast of the trans- 
mitted "p M polarized light, relative to the transmitted I's" 
polarized light (Tp/Ts), where the "s" polarized light is 
undesirable leakage. Likewise, the reflected contrast ra- 
55 tio curve 21 0 measures the average contrast of the re- 
flected "s" polarized light relative to the "p" polarized 
light (Rs/Rp). Referring to Figure 2b, there is shown for 
wavelengths within the visible spectrum, the average 
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performance for a commercially available wire grid po- 
larizer 100 from Moxtek for a normally incident (6=0°) 
modest NA beam of light 130. In particular, the trans- 
mission efficiency curve 220 and the transmitted con- 
trast ratio curve 225, are provided (for "p" polarized 5 
light). The performance of both of these devices, which 
generally provide "p M polarization transmitted beam con- 
trasts >300:1 is quite good, and satisfactory for many 
applications. 

[0029] Although the performance curves shown in fig- 10 
ures 2a and 2b are very good relative to pre-existing 
wire grid devices, as well as pre-existing polarizers in 
general, there is yet room for improvement. In particular, 
the contrast ratio of the reflected "s" polarized beam is 
rather low, as measured by the reflected contrast ratio * 5 
curve 21 0, for the wire grid polarizing beam splitter. Po- 
larization contrast is only -10:1 in the blue spectrum (at 
450 nm), and even in the red (650 nm), it has risen only 
to —40:1 . In applications where both the reflected and 
transmitted beams need good polarization contrast, this 2° 
performance is insufficient. As an example, in LCD 
based electronic projection systems, where the project- 
ed light is both transmitted through and reflected off of 
the polarization beam splitter and where the beams are 
fast (F/4 or less), the low performance in reflection will 25 
require that the system be augmented with additional 
components. Additionally, while this prior art wire grid 
polarization beamsplitter provides contrast — 1200:1 in 
the red, the polarization varies considerably with wave- 
length, and falls to -400:1 in the low blue (see again 30 
transmitted contrast ratio curve 205 of Figure 2a). 
[0030] The performance level of the basic wire grid 
polarizer can be improved by changing the width of the 
wires, the thickness of the wires, the pitch of the wires, 
or any combination of these three. However, these de- 35 
sign changes may not necessarily provide contrast ra- 
tios desiredfor the reflected beam oracross the required 
wavelength bands. Moreover, the improvements in wire 
grid design performance described in the '103 patent, 
which broaden the wavelength pass band and increase *o 
transmission efficiency by modifying the interaction of 
the incident light with the dielectric substrate 1 20 will al- 
so not necessarily provide sufficient contrast ratios for 
broadband visible high contrast applications. The wire 
grid polarizers of the '131 and '103 patents, as well as *s 
the other cited prior art wire grid device patents only ex- 
ploit resonance effects within the plane(s) of the elon- 
gated wires (X:Y plane of Figure 1 ), which comprise the 
wire grid polarizer or polarization beam splitter. As the 
incident light interacts with the wires and the dielectric 50 
substrate 120 simultaneously, the structural details at 
the interface also affect performance (as discussed in 
the '103 patent ). Thus the plane of the wires should be 
considered to include the wires themselves as well as 
the immediate surface and subsurface of the dielectric 55 
substrate 120. 

[0031] In order to provide a benchmark for the im- 
proved devices of the present invention, some prior art 



devices were analyzed in greater detail. Figure 3a 
shows the calculated reflected and transmitted polari- 
zation contrast ratios as a function of wavelength for a 
device similarto the prior art wire grid polarization beam- 
splitter described in the '131 patent. This analysis was 
modeled using the Gsolver grating analysis software 
tool, which allows sub-wavelength structures to be thor- 
oughly modeled using rigorous coupled wave analysis 
(RCWA). Gsolver is commercially available from Grat- 
ing Solver Development Company, P.O. Box 353, Allen, 
Texas. The wire grid device was modeled as a series of 
parallel elongated wires formed directly on the transpar- 
ent glass substrate. The analysis assumes an aluminum 
wire grid with period p = 0.13 ujti, conductor width w = 
0.052 ujti (40% duty cycle), conductor thickness t = 
0.182 um, and substrate refractive index n = 1 .525. For 
simplicity, this analysis only considers a collimated 
beam incident on the wire grid polarization beam splitter 
at an angle 6 = 45°. Figure 3a provides the collimated 
transmitted beam contrast 250 (Tp/Ts) and the collimat- 
ed reflected beam contrast 255 (Rs/Rp). The calculated 
transmitted beam contrast 250 ranges from IOMoM 
across the visible spectrum, which is much greater than 
the — 1 : 000:1 levels reported for the actual device, as 
shown in Figure 2a. However, plot 250 of Figure 2a rep- 
resents the angle averaged performance of an actual 
device, while plot 250 of Figure 3a represents the theo- 
retical performance of a collimated beam though a per- 
fect device. Figure 3a also shows the theoretical reflect- 
ed beam contrast 255 as modeled for this prior art type 
wire grid devices. The calculated theoretical reflected 
beam contrast ranges from —10:1 to —100:1 over the 
visible spectrum, and is only marginally better than the 
reflected beam contrast 255 given in Figure 2a for an 
actual device. Figure 3b shows a plot of the theoretical 
overall contrast 275, where the overall contrast C is cal- 
culated as: 

C = 1/((1/Ct)+(1/Cr)) (3). 

The overall contrast C, which combines the contrast of 
the transmitted light beam 1 50 ("p" polarization) with the 
contrast of the reflected light beam 140 ("s" polariza- 
tion), can be seen to be mostly determined by the lowest 
contrast ratio, which is the contrast for the reflected light 
beam. Thus, the overall contrast of the prior art type de- 
vice per the '131 patent is limited by the "s M polarization 
reflected beam, and is only— 10:1 to -100:1 within the 
visible spectrum, with the lowest performance for blue 
wavelengths. 

[0032] Figure 4 shows the modeled variation of the 
overall contrast ratio C as contour lines vs. angle at 500 
nm for this same prior art type device (0,0 coordinate 
corresponds to 45°) . This shows that the overall contrast 
ratio 275 varies significantly with incidence angle, from 
-23:1 at 45° incidence, to —14:1 at— 55° incidence (po- 
lar angle +1 0°) to -30:1 at —35° incidence (polar angle 
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+10° : azimuthal angle 180°). Thus Figure 4 effectively 
shows how the overall contrast ratio is average lower by 
having large NA incident beams of light. Of course, the 
overall contrast C is limited by the reflected contrast (Rs/ 
Rp). A similar analysis of just the transmitted beem con- 
trast (Tp/Ts) vs. angle shows the contrast contour lines 
follow a "Maltese Cross" pattern, with very high contrast 
values (>10 4 :1) only in a very narrow angular range, 
while average contrast values of -800:1 can be found 
within a fairly wide (>12° polar, 25° azimuthal) angular 
range. The light efficiency was also modeled with G- 
solver, basically verifying the transmission efficiency 
curve 200 of Figure 2a. The transmission efficiency for 
"p" polarized light was fairly uniform -87% across most 
of the visible spectrum, while the reflected "s" light effi- 
ciency was a very uniform -92% across the visible 
spectrum. 

[0033] Wire grid polarizer 300 of the present inven- 
tion, as shown as a sectional view in Figure 5a, employs 
a construction wherein each of the elongated composite 
wires 31 0 (or parallel con ductive electrodes) has a strat- 
ified internal structure comprised of a series of elongat- 
ed metal wires (320, 322, 324) and alternating elongat- 
ed dielectric strips (dielectric layers 340,342, 344) de- 
posited on a transparent dielectric substrate 305. By 
properly constructing the composite wires 310 of the 
wire grid polarizer, with the respective thickness of the 
metal wires and the dielectric layers properly defined, a 
combination of photon tunneling and the intra-grid res- 
onance effects can be exploited to enhance the perform- 
ance of the polarizer. In contrast to the prior art wire grid 
polarizers, the wire grid polarizers of the present inven- 
- tion not only uses resonance effects within the plane (X: 
Y plane) of the elongated wires, but also uses reso- 
nance effects between multiple parallel intra-wire 
planes along the Z axis to define and enhance the per- 
formance. It should be understood that the wire grid po- 
larizers 300 depicted in Figure 5a-d are not to scale il- 
lustrations, and the composite wires 310 are exagger- 
ated to show the intra-wire substructure of elongated 
metal wires alternating with dielectric layers. As previ- 
ously, with the prior art wire grid devices, the pitch (p) 
and the wire width (w) are sub-wavelength in dimension 
(-A/5 or smaller). The wire thickness (t) is also nomi- 
nally sub-wavelength as well, although not necessarily 
so, as will be discussed. 

[0034] In particular, the design of the wire grid polar- 
izers of the present invention is based upon the use of 
a little known physical phenomena, resonance en- 
hanced tunneling, in which properly constructed metal 
layers can be partially transparent to incident light. This 
phenomena, which occurs when a photonic band gap 
structure is constructed which enables resonance en- 
hanced tunneling, is described in the literature, for ex- 
ample in a survey article "Photonic Band Gap Structure 
Makes Metals Transparent" in OE Reports, Dec. 1999, 
pg. 3. The concepts are also described in greater detail 
in the article "Transparent, M eta I lo- Dielectric, One-Di- 



mensional, Photonic Band-Gap Structures" in J. App. 
Phys. 83 (5), pp. 2377-2383, 1 March 1 998, by M. Scal- 
ora et al. 

[0035] Traditionally, incident light is considered to on- 
ly propagate through a metal film only a short distance, 
known as the skin depth (5), before reflection occurs. 
Skin depth can be calculated by equation (4) as follows: 

d=X/4nn i , (4) 

where the calculated depth corresponds to the distance 
at which the light intensity has decreased to -1/e 2 of its 
value at the input surface (where nj is the imaginary part 
of the refractive index). Traditionally, thin metal layers 
are considered opaque relative to transmitted visible 
light when their thicknesses exceed the typical skin 
depth values 5, of only 10-15 nm, for metals such as 
aluminum and silver. However, as these articles de- 
scribe, a metallo-dielectric photonic band gap structure 
can be constructed with alternating layers of thin metal 
sheets and thin dielectric sheets, such that the incident 
light can be efficiently transmitted through individual 
metal layers which are thicker than the skin depth 6. (By 
definition, a photonic band gap structure is a structure 
with alternating layers of materials or sections of similar 
thicknesses having different indices of refraction which 
are periodically or quasi-periodically spaced on a sub- 
strate or other structure). Most simply, these structures 
can be imagined by considering any single composite 
wire 310 of Figure 5a, and its constituent alternating 
metal wires (320,322,324) and dielectric layers 
(340,342,344) as being stretched into a sheet to cover 
much of the two dimensional surface of the dielectric 
substrate 305. For example, one three period structure 
described in these articles, which has three 30 nm thick 
aluminum (A1) layers separated by three 140 nm thick 
magnesium fluoride layers (MgF2), provides a variable 
15-50% transmission in the green wavelength band. In 
effect, incident light tunnels through the first thin metallic 
layer, and evanescently encounters the following dielec- 
tric layer. The light transmitted through the first metal 
layer into the following dielectric layer encounters the 
second metal layer. The proper boundary conditions are 
then established such that the overall structure acts 
much like a Fabry-Perot cavity (or Etalon) and reso- 
nance in the dielectric layer enhances light transmission 
through the metal layers. The resonance enhanced tun- 
neling effect is then further enhanced by the repeated 
design of the structure, with alternating thin metallic and 
thin dielectric layers. Indeed, these articles show that 
adding more periods (and thus adding to the total metal 
thickness) can increase total light transmission vs. 
structures with fewer periods, as well as reduce the os- 
cillations within the bandpass region. Furthermore, it is 
shown that adjustment of the dielectric layer thickness- 
es can shift the edges of the bandpass structure towards 
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longer or shorter wavelengths, depending on the chang- 
es made. Typically, the thin dielectric layers in these 
structures are significantly thicker than the thin metal 
layers (—3-1 Ox or greater), while the thin metal layers 
may be only a skin depth thick, but may also be several 
times thicker than the theoretical skin depth (6). 
[0036] This resonance enhanced tunneling phenom- 
ena which is possible with metallo-dielectric photonic 
bandgap has not been widely used in practical devices. 
In the cited literature references, this effect is consid- 
ered useful for light shielding devices, which transmit 
one wavelength band (the visible for example), while 
blocking nearby bands (UV and I R). Indeed, such a pho- 
tonic bandgap structure can provide suppression of 
nearby wavelength bands which is orders of magnitude 
improved over that of a simple metallic film. Additionally, 
U.S. Patent Nos. 5,751,466 (Scalora et al.) and 
5,907,427 (Dowling et al.) describe use of this effect to 
design variable photonic signal delay devices for optical 
telecommunications. However, the prior art does not 
foresee the benefit of applying the resonance enhanced 
tunneling of metallo-dielectric photonic bandgap struc- 
tures to the design of polarization devices generally, or 
to wire grid polarizers and polarization beam splitters in 
particular. Moreover, it is not necessarily clear that the 
resonance enhanced tunneling effect would improve the 
performance of a wire grid polarization device by im- 
proving polarization contrast or transmission across the 
entire visible spectrum, or even any single color band. 
[0037] Accordingly, the wire grid polarizers 300 of the 
present invention, as depicted in figures 5a-5d : use a 
plurality of identically fabricated elongated composite 
wires 31 0. each with an intra-wire substructure compris- 
ing alternating metal wires (320, 322, 324) and dielectric 
layers (340, 342, 344). As with the prior art wire grid po- 
larizers, light of the polarization parallel to the wires is 
reflected off the device, and light of polarization orthog- 
onal to the wires is transmitted. However, where the pri- 
or art wire grid polarizers use relatively thick wires, of 
monolithically deposited metal typically 100-150 nm 
thick, the wire grid polarizers of the present invention 
effectively constructs each wire as a series of alternating 
thin metal layer and dielectric layers. As a result, the 
incident light of polarization orthogonal to the wires is 
transmitted in part through the metallic layers them- 
selves by photonic tunneling and enhanced resonance 
effects, and thus the overall contrast ratio of the trans- 
mitted polarized light vs. the reflected polarized fight is 
enhanced. As compared to the prior art wire grid polar- 
ization devices, which rely only on resonance effects 
within the plane of the wires (the X:Y plane of Figure 1), 
the wire grid polarization devices of the present inven- 
tion also use resonance effects in the orthogonal direc- 
tion (the Z direction of Figure 1) to determine the per- 
formance. 

[0038] The first example of a wire grid polarizer 300 
of the present invention is shown in Figure 5a, where 
each elongated composite wire 31 0 has a periodic strat- 



ified intra-wire structure 315 of six layers comprising al- 
ternating layers of metal (metal wires 320, 322, and 324) 
and dielectric (dielectric layers 340, 342, 344). As with 
the prior art devices, wire grid polarizer 300 was mod- 

5 eled as a structure with the wires located on a 130 nm 
pitch (p~A/5), with a duty cycle of 40 %, such that the 
width (w) of the wires is 52 nm. Thus grooves 312 be- 
tween composite wires 310 are 78 nm wide. Grooves 
312 are nominally filled with air, rather than some other 

10 medium, such as an optical liquid or gel. Likewise, as 
with the prior art type device, this device was modeled 
as a polarization beam splitter, with a coliimated beam 
incident at an angle 0=45°. Additionally, composite 
wires 31 0 were modeled with an intra-wire structure 315 

15 comprising three thin dielectric layers (dielectric layers 
340, 342, 344) of MgF2, each 33 nm thick, alternating 
with three thin metal layers (metal wires 320, 322, and 
324) of aluminum, each 61 nm thick. 
[0039] According to the effective medium theory, inci- 

20 dent light interacts with the effective index of each layer, 
where the effective index depends on the geometry of 
the composite wires 31 0, the geometry of the layer itself, 
the complex refractive index of the layer (either metal or 
dielectric), the refractive index of the material between 

25 the wires (air), and the boundary conditions established 
by the adjacent layers. As shown in Figure 5a, for this 
example of wire grid polarizer 300, the intra-wire struc- 
ture is designed such that the third dielectric layer 344 
is located in between the third metal wire 324 and sur- 

30 face 307 of transparent dielectric substrate 305. The to- 
tal wire thickness (t) of the composite wires 310, which 
is the sum of the thicknesses of the three metal wires 
320, 322, and 324 and the three dielectric layers 340, 
342, 344, is 282 nm or (-A/2). The modeled polarization 

35 performance for this device, which is shown in Figures 
6a and 6b, is an improvement in both reflection and 
transmission to the basic wire grid polarizer whose mod- 
eled results were given in Figures 3a and 3b. Perform- 
ance was modeled with Gsolver, using 8 diffraction or- 

40 ders, to ensure accuracy. As shown in Figure 6a, the 
theoretical transmitted beam contrast 250 for "p" light 
varies from 10 5 -10 6 :1 across the visible spectrum, while 
the reflected beam contrast 255 for 's" light averages a 
fairly uniform — 1 00:1 across the visible spectrum. Thus, 

45 the overall contrast ratio 275, shown in Figure 6b, also 
averages —100:1 across the entire visible spectrum. 
The improved polarization performance is not gained at 
the cost of efficiency, as the "s" light reflection efficiency 
is —91%, while the "p" light transmission efficiency is 

so -83%, with little variation across the visible spectrum. 
With such a relatively high and uniform polarization con- 
trast for the reflected "s" polarization light, this device 
could provide improved performance as a polarization 
beam splitter, in applications where both "p" and M s' po- 

55 tarized beams are to be used. Notably, this device also 
shows a ~~10x improvement in the "p" polarized light 
contrast over the prior art device of the '131 patent, as 
well as an enhanced blue performance, with the reflect- 
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ed beam contrast 255 and the overall contrast ratio 275 
averaging -250:1 contrast over most of the blue spec- 
trum. Such performance could be useful in many appli- 
cations, including projection systems. 
[0040] Additionally, the improvements in overall con- 
trast 275 and transmitted beam contrast 250 of the first 
example wire grid polarization beamsplitter device, as 
shown in Figures 6a,b, when compared to the prior art 
type device, as shown in Figures 3a,b, do not come at 
the cost of reduced angular performance. A contour plot 
analysis of the overall contrast C showed that average 
contrast values of -500:1 are obtained within a wide 
angular swath (+M2° polar, and +/-30 0 azimuthal) at 
500 nm. This first example device was also modeled for 
a collimated beam at a normal incidence (6 = 0°). As the 
transmitted beam contrast over the entire visible spec- 
trum >10 5 :1 at normal incidence, the first example wire 
grid polarizer was proven to function well as a polariza- 
tion analyzer or polarizer, and not just as a wire grid po- 
larization beam splitter. 

[0041] While both the present invention for a wire grid 
polarizer and the wire grid polarizer of Garvin et al. in U. 
S. Patent No. 4,289,381 f both have multiple planes of 
patterned wires extending in the 2 axis direction, these 
wire grid polarizer devices are distinctly different. In par- 
ticular, the wires in each of the multiple wire grid planes 
of the '381 patent are thick (100-1000 nm) solid metal 
wires, which lack intra-wire substructure and which are 
too thick for useful evanescent transmittance through 
the wires. Additionally, the multiple wire planes for the 
two grid case of the '381 patent preferentially have a half 
pitch offset (p/2) rather than having an overlapped align- 
ment. Finally, the '381 patent wire grid polarizer design 
preferentially locates adjacent wire grids with an inter- 
grid spacing (1) and pitch offset (p/2) so as to avoid the 
occurrence of inter-grid resonance or Etaion effects. In 
contrast, the wire grid polarizers 300 of the present in- 
vention specifically use Etaion type resonance effects 
within stratified intra-wire substructure in order to en- 
hance performance. 

[0042] The second example of a wire grid polarizer 
300 of the present invention is shown in Figure 5b, 
where each composite wire 310 has a periodic stratified 
intra-wire structure 315 of eighteen layers comprising 
alternating layers of metal (metal wires 330a-i) and die- 
lectric (dielectric layers 350a-i). As with the first example 
device, the second example wire grid polarizer 300 was 
modeled as a structure 1 30 nm pitch (p-A/5) composite 
wires 310, with a 40% duty cycle wire width (w) of 52 
nm. Likewise, as before, the device was modeled as a 
polarization beam splitter, with a collimated beam inci- 
dent at an angle 0 = 45°. As previously the final dielec- 
tric layer (330i) is adjacent to the dielectric substrate 
305. However, composite wires 310 were modeled with 
an intra-wire structure 315 comprising nine thin MgF2 
dielectric layers (dielectric layers 330a-i), each 39 nm 
thick, alternating with nine thin aluminum metal layers 
(metal wires 350a-i), each 17 nm thick. The total wire 



thickness (t) of composite wires 310, which is the sum 
of thicknesses of metal wires 330a-i and dielectric layers 
350a-i is 504 nm, which is ~U. The modeled polariza- 
tion performance for this device, which is shown in Fig- 
5 ures 7a and 7b, is an improvement in both reflection and 
transmission to the basic wire grid polarizer whose mod- 
eled results were given in Figures 3a and 3b. As shown 
in Figure 7a, the theoretical transmitted beam contrast 
250 for "p" light varies from 1 0 7 -1 0*:1 across the visible 
10 spectrum, while the reflected beam contrast 255 for 
's H light averages -100:1 across the visible spectrum. 
Thus, the overall contrast ratio 275, shown in Figure 7b, 
also averages -100:1 across the entire visible spec- 
trum. While this device is significantly more complicated 
is than the first example device, the theoretical transmitted 
beam contrast 250 for B p" polarized light is - 1 0Ox better 
than the first example device, and -1 ,000x better than 
the prior art type device (see Figure 3a). 
[0043] The third example of a wire grid polarizer 300 
20 of the present invention is an eighteen layer structure 
similar to that of the second example, with each com- 
posite wire 310 having a periodic stratified intra-wire 
structure 315 of eighteen layers comprising alternating 
layers of metal (metal wires 330a-i) and dielectric (die- 
25 lectric layers 350a-i), except that the thicknesses of the 
dielectric and metal layers have been changed. In this 
case, composite wires 310 were modeled with an intra- 
wire structure 31 5 comprising nine thick MgF2 dielectric 
layers (dielectric layers 330a-i) : each 283 nm thick, al- 
so ternating with nine thin aluminum metal layers (metal 
wires 350a-i) ; each 1 7 nm thick. The total wire thickness 
(t) of composite wires 310 is 2700 nm, which is -5X. As 
shown in Figures 7c and 7d, as compared to Figures 7a 
and 7b, the third device has significantly different polar- 
55 ization performance as compared to the second device, 
although the only change was in the thickness of the 
dielectric layers 350a-i. As evident in Figure 7d, the 
overall contrast ratio 275 has an average contrast ratio 
in the blue spectrum of -150:1, while performance in 
40 the green and red spectra have degraded. The plot of 
overall contrast ratio 275 is also noteworthy for its rapid 
oscillations in the blue wavelength band, which swing, 
peak to valley, between -50:1 and -500:1 contrast.' 
This example, which uses thick dielectric layers, sug- 
gests that the potential to design wavelength band tuned 
wire grid polarization beam splitters which have not only 
excellent performance for the "p" transmitted light, but 
very good performance (250:1 or better) for the "s" re- 
flected light. Unfortunately, while Gsolver is a superior 
50 analysis software program, the code was not written to 
facilitate polarization contrast optimization, so an exem- 
plary result with further improved performance is not 
available. However, optimization of this design, allowing 
the thicknesses of the metal layers and the dielectric lay- 
55 ers to vary, creating aperiodic or doubly periodic struc- 
tures, could boost the performance further in the blue, 
to provide the desired result. 

[0044] It should be noted that similar results to the 



8 



15 



EP 1 239 308 A2 



16 



third example design of a wire grid polarizer 300 can be 
obtained using similar intra-wire structures 315 with 
thick dielectric layers ; but with other than eighteen total 
layers. The fourth example wire grid polarizer was mod- 
eled wit a structure comprising eight layers, where four 5 
layers of MgF2, each 525 nm thick, alternate with four 
layers of aluminum, each 45 nm thick. Thus the total 
thickness (t) of the composite wires 310 is 2.28 ujti, or 
— 4A.. The modeled device is otherwise the same as the 
devices of the prior examples, relative to wire pitch (p), 10 
wire width (w), and angle of incidence. The resulting po- 
larization performance for this fourth example device, 
as shown in Figures 8a and 8b, is very similar to that of 
the third example device (Figures 7c and 7d) in blue 
spectrum. Interestingly, Figure 8a suggests the potential *5 
for a structure with a high contrast in the blue and red 
spectra for both the transmitted and reflect beams, while 
giving low contrast for both beams in the green spec- 
trum. 

[0045] Relative to the second and third examples of 20 
eighteen layer wire grid polarizers, which only vary in 
design according to the thickness of the dielectric layers 
(39 nm vs. 283 nm), other interesting results can be ob- 
tained by modeling similar devices with intermediate di- 
electric layer thicknesses. For example, a modeled de- ^5 
vice with 56 nm dielectric layer thicknesses provides a 
minimum -100:1 overall contrast ratio over the entire 
visible spectrum, but also provides two localized peaks, 
at —450 nm and —610 nm, where overall polarization 
contrast is -1 000:1 or greater. 30 
[0046] The fifth example of a wire grid polarizer 300 
of the present invention is shown in Figure 5c, where 
each composite wire 310 has a periodic stratified intra- 
wire structure 315 of five layers comprising alternating 
layers of metal (metal wires 320, 322, and 324) and di- 35 
electric (dielectric layers 340 and 342). As with the other 
exemplary devices, the fifth example wire grid polarizer 
300 was modeled as a structure 130 nm pitch (p— A/5) 
composite wires 310, with a 40% duty cycle wire width, 
(w) of 52 nm. Likewise, as before, the device was mod- 40 
eled as a polarization beam splitter, with a collimated 
beam incident at an angle e = 45°. However, this device 
has an intra-wire structure 315 which is designed with 
a metal layer (metal wire 324) adjacent to the dielectric 
substrate 305, rather than a dielectric layer as in the pre- 
vious examples. Composite wires 310 were modeled 
with an intra-wire structure 315 comprising two thin 
MgF2 dielectric layers (dielectric layers 340 and 342, 
each 55 nm thick, alternating with three thin aluminum 
metal layers (metal wires 320, 322, and 324), each 61 50 
nm thick. The total wire thickness (t) of composite wires 
310 and 293 nm, which is A/2 A. Although the modeled 
polarization performance for this device, which is shown 
in Figures 9a and 9b, is an improvement in both reflec- 
tion and transmission to the basic wire grid polarizer 55 
(shown in Figures 3a and 3b), this five layer device does 
not perform as well as the six layer device of the first 
example. As shown in Figure 7a, the theoretical trans- 



mitted beam contrast 250 for "p M light varies from 1 0 s - 
10 6 :1 across the visible spectrum, while the reflected 
beam contrast 255 for 's" light averages only —40:1 
across the visible spectrum. Thus, the overall contrast 
ratio 275, shown in Figure 7b, also averages —40:1 
across the entire visible spectrum. Additionally, the blue 
performance is less uniform across its wavelength band, 
as compared to the first example device. Nonetheless, 
this device, with a metal layer (wire 324) in contact with 
the dielectric substrate 305, is still useful. 
[0047] The sixth example of a wire grid polarizer 300 
of the present invention, as shown in Figure 5d, is a var- 
iation of the fifth example device which has only five lay- 
ers within each composite wire 31 0, where the sixth ex- 
ample device has an aperiodic stratified intra-wire struc- 
ture 31 5. Thus, composite wires 31 0 were modeled with 
an intra-wire structure 315 comprising three thin alumi- 
num metal layers (metal wires 320 : 322, an 324), each 
61 nm thick, alternating with two thin MgF2 dielectric lay- 
ers, where dielectric layers 340 is 27.5 nm thick, while 
dielectric layer 342 is 82.5 nm thick. As before, the third 
metal layer (324) is in contact with the dielectric sub- 
strate 305. As with the fifth example device, the total 
wire thickness (t) forthis device is 293 nm. The modeled 
performance of this device, as shown in Figures 1 0a and 
10b, is similar to that of the fifth example device (see 
Figures 9a and 9b), except that the performance in the 
blue spectrum is higher on average, as measured by the 
overall contrast 275. The fifth and sixth example device 
are again suggestive of the potential for wavelength 
band tuned wire grid polarizer devices. 
[0048] Graphs of light efficiency, as measured by the 
"s" polarization reflection efficiency and "p" polarization 
transmission efficiency for the various examples (one to 
six) were not provided, as the data changed minimally. 
In general, the reflection efficiency for "s" polarized light 
was uniform across the visible spectrum, at levels in the 
upper 80*s to lower 90's for percent efficiency. The "p" 
polarization transmission efficiency was a bit less uni- 
form, as some exemplary devices showed some fall-off 
in the low blue region of the spectrum. Also, the overall 
"p" polarization transmission efficiency was lower than 
the "s" light efficiency, and generally was in the lower to 
middle 80's for percent efficiency. 
[0049] It should be understood that each elongated 
composite wire 31 0 has a length that is generally larger 
than the wavelength of visible light. Thus, the composite 
wires 31 0 have a length of at least approximately 0.7 
jam. However, in most practical devices, the composite 
wires 310 will be several millimeters, or even several 
centimeters in length, depending on the size require- 
ments of the application. While the various exemplary 
wire grid polarizer devices of the application are mod- 
eled with a duty cycle of 40% relative to the width (w) of 
the composite wires 310 as compared to grid pitch or 
period (p), it should be understood that other duty cycles 
can be used. Generally, duty cycles in the range of 
40-60% will provide the optimum overall performance 
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relative to transmission and contrast ratio. It is notewor- 
thy, as illustrated by the exemplary devices, that the total 
thickness (t) of the composite wires 310 can vary from 
approximately a half-wave to approximately five waves 
while still providing exceptional transmission of the 
transmitted "p" polarized light and rejection of the "s" po- 
larized light. By comparison, prior art wire grid devices 
largely rely on the thickness of the metal wires being 
thicker than several skin depths (5) in order to ensure 
good rejection of the M s" polarized light. Furthermore, it 
is noteworthy that the exemplary devices of this appli- 
cation may have thicknesses of the elongated metal 
wires (330, for example), which are only several (ap- 
proximately 1-4) skin depths thick and still provide ex- 
ceptional transmission of the transmitted "p" polarized 
light and rejection of the "s" polarized light. For example, 
the fifth example device uses metal layers which are 61 
nm thick, which is equivalent to approximately four skin 
depths. Finally, the second or opposite surface of the 
dielectric substrate 120 could have a a nti- reflection (AR) 
coating to enhance overall transmission. 
[0050] It should be understood that these various ex- 
amples for designs of wire grid polarizers 300 with strat- 
ified intra-wire grid structures 315 comprising alternat- 
ing metal and dielectric layers do not encompass the 
entire range of possible designs. For one thing, the lim- 
itations of the Gsolver software, which doesnt allow op- 
timization of polarization contrast, constrained the pre- 
sented results to less than their potential. Also, other 
combinations of materials could be used in the designs, 
including replacing aluminum with gold or silver, or re^ 
placing dielectric material MgF2 with Si02 or Ti02, for 
example. Actual materials choices will depend both on 
the desired design performance as well as process con- 
straints. Additionally, it is possible to design devices 
where grooves 312 are filled with an optically clear liq- 
uid, adhesive, or gel, rather than with air. It should also 
be understood that although all the exemplary devices 
were designed with the outmost (furthest from the die- 
lectric substrate 305) layer which comprises a portion of 
the mtra-wire structure 315 of composite wires 310 as 
a metal layer, that alternately a dielectric layer could be 
used as the outmost layer. 

[0051] As another point, it should be noted that the 
exemplary devices feature only one device structure 
with an aperiodic structure. While that device (the sixth 
example) is relatively simple, much more complicated 
devices are possible, depending both on the ability to 
optimize the design and to fabricate the device. The 
thicknesses of both the metal layers and the dielectric 
layers which comprise the stratified intra-wire substruc- 
ture 315 can be varied through the structure. For exam- 
ple, quasi-periodic intra-wire structures, such as chirped 
structures, could be designed. As another example, the 
intra-wire structure 315 could be periodically alternate 
the metal and dielectric layers, except for tuning the 
thickness of the outermost layer and/or the inmost layer 
(closest to the dielectric substrate 305), to improve the 



performance across the interfaces to regions outside 
the grid. Likewise, dielectric substrate 305 could be 
coated with an intermediate layer, with the inmost layer 
of the intra-wire structure of composite wires 310 in di- 
5 rect contact with the intermediate layer, rather than with 
the dielectric substrate 305. Of course, device optimiza- 
tion not only depends on the details of the intra-wire 
structure 315, but also on the wire pitch (p) and the wire 
width (w). In effect, the concepts of designing a wire grid 
io polarizer 300, composed of composite wires 310 with 
stratified intra-wire structures 315, allow the wire grid 
device to attain performance levels otherwise provided 
by smaller pitch structures. 

[0052] Also, wire grid polarizer 300 could be designed 
and fabricated with the composite wires 310 having 
stratified intra-wire structures 31 5 which vary across the 
surface of the device. Thus it would be possible to create 
a spatially variant device for polarization beamsplitting 
or polarization analysis. 
20 [0053] Although wire grid polarizer 300, composed of 
composite wires 310 with stratified intra-wire structures 
315, can have a fairly complicated design, the complex- 
ity does not necessarily equate to a difficult fabrication 
process. In general the tolerances for fabrication of the 
25 individual layers, whether metal or dielectric, are rela- 
tively loose. Typical layer thickness tolerances are ex- 
pected to be several nanometers, with some devices 
having layer tolerances over 10 nm, while others have 
1 nm tolerances or less, depending on the design 
30 [0054] Finally, it should be noted that while this con- 
cept for an improved wire grid polarizer 300. composed 
of composite wires 310 with stratified intra-wire struc- 
tures 315, has been discussed specifically with regards 
to operation in the visible spectrum, with application for 
35 electronic projection, the concept is fully extendable to 
other applications and other wavelength bands. For ex- 
ample, such devices could be designed and fabricated 
at near infrared wavelengths (-1.0-1.5 ujn) for use in 
optical telecommunication systems. In particular, the 
40 concept has the potential to produce narrow wavelength 
polarization devices where the "p" transmittance is 
>10*:1, and where the "s H reflectance is >10 4 :1. Like- 
wise, a narrow wavelength notch polarization beamsplit- 
ter could be designed, in either the visible or infrared 
^ spectra for example, where the "p" and "s" polarization 
discrimination were simultaneously optimized to pro- 
duce a polarization beam splitter with superior overall 
contrast. Also, the third example device suggests a po- 
larization filter device with a structure which can provide- 
50 large wavelength bands with high polarization contrast, 
surrounding an intermediate wavelength band which 
provides minimal polarization contrast (see Figure 8a). 
For example, such a device could be in a product as- 
sembly line for quality and defect inspection, when com- 
55 bined with properly structured illumination. 



10 



19 



EP 1 239 308 A2 



Claims 

1 . A wire grid polarizer for polarizing an incident light 
beam, comprising: 

5 

a substrate having a surface; 
an array of parallel, elongated, composite wires 
disposed on said surface, wherein each of said 
composite wires are spaced apart at a grid pe- 
riod less than a wavelength of said incident io 
light; and 

wherein each of said composite wires compris- 
es an intra- wire substructure of alternating 
elongated metal wires and elongated dielectric 
layers. 15 

2. A wire grid polarizer according to claim 1 wherein 
said wire grid polarizer is oriented at an angle rela- 
tive to said incident light beam such that said wire 
grid polarizer functions as a polarization beam split- 20 
ter and separates a transmitted polarized beam and 

a reflected polarized beam from said angle of said 
incident light beam. 

3. A wire grid polarizer according to claim 1 wherein 25 
said intra-wire substructure of alternating elongated 
metal wires and elongated dielectric layers com- 
prises at least two of said elongated metal wires. 

4. A wire grid polarizer according to claim 1 wherein 30 
said intra-wire substructure of alternating elongated 
metal wires and elongated dielectric layers com- 
prises at least two of said dielectric layers. 

5. A wire grid polarizer according to claim 1 wherein 35 
each of said intra-wire substructures has a total 
thickness of between approximately 0.2 to 3.0 urn 

6. A wire grid polarizer according to claim 1 wherein 
said elongated metal wires are selected from a *o 
group comprised of aluminum, silver, or gold. 

7. A wire grid polarizer according to claim 1 wherein 
said elongated dielectric layers are selected from a 
group comprised of MgF2, Si02, orT102. 45 

8. A wire grid polarizer. according to claim 1 wherein 
said substrate is made of glass. 

9. A wire grid polarizer according to claim 1 where said 50 
composite wires have a rectangular shaped cross- 
section. 

10. A wire grid polarizer according to claim 1 wherein 
said incident light is within the range of approxi- 55 
mately 0.4 to 1 .6 \xxr\ in the electromagnetic spec- 
trum. 
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